Much like ordinary matter, dark matter might consist of elementary particles, and weakly interacting massive particles are one of the prime suspects. During the past decade, the sensitivity of experiments trying to directly detect them has improved by three to four orders of magnitude, but solid evidence for their existence is yet to come. We overview the recent progress in direct dark matter detection experiments and discuss future directions.
Almost a century ago, astronomers suggested the existence of a hypothetical dark matter, invisible in the entire electromagnetic spectrum. To date, the dominance of dark matter and its role in driving the evolution and landscape of our universe have become the standard paradigm in cosmology [1] . On the galactic scale, astronomers believe that our galaxy is surrounded by an extended and diffusive dark matter halo [2, 3] . Microscopically, weakly interacting massive particles (WIMPs), with typical masses around the electroweak symmetry breaking scale (100 GeV/c
2 ), are a generic class of dark matter candidates favoured by many theories beyond the Standard Model of particle physics [4] , such as supersymmetry (SUSY). The production and annihilation of such particles in the early thermal universe could naturally explain the abundance of regular matter observed today -an appealing scenario known as the WIMP miracle.
Another popular particle dark matter candidate is the axion, an extremely light bosonic particle originally introduced to explain the so-called charge-parity (CP) symmetry in the strong interaction [5, 6] . The extremely small coupling of axions to electromagnetic radiation and regular matter (such as electrons and nucleons) would allow them to be detected in ground experiments [7] . However, no positive signals have shown up so far (see ref. [8] for a recent review). WIMPs, on the other hand, have finite weak coupling with regular matter. They could be detected via their elastic scattering off matter (direct detection), in high-energy collisions (collider searches), or via their annihilation into normal particle-antiparticle pairs (indirect detection) [9] . In recent years, significant experimental progress has been made in the direct detection of WIMPs, which is the focus of this short review.
Direct detection experiments are designed to detect the nuclear recoil in the scattering of galactic WIMPs off target nuclei. The signal rate depends on the local density and velocity distribution of WIMPs in the Milky Way (astrophysical inputs with non-negligible systematic uncertainties), the WIMP mass, and the interaction cross-section of the target nuclei [10] . Most theoret- * Corresponding author: xdji@sjtu.edu.cn ical models predict that this cross-section is smaller than 10 −42 cm 2 for nearly all possible WIMP masses, yielding an extremely low signal rate, which in turn requires an extraordinarily low background environment for detection. To suppress the background produced by cosmic rays, all the direct detection experiments are located in deep underground laboratories. The residual background also includes neutrons and gamma rays from the environment and detectors. Passive shielding and, in some cases, active veto are required to suppress the external background, and high-purity detector components are a must to minimize the more dangerous internal backgrounds. The ultimate irreducible background comes from solar and atmospheric neutrinos. The uncertainty in neutrinonucleus coherent scattering eventually limits the sensitivity of the direct detection experiments [11] [12] [13] .
For a WIMP mass between 1 and 1,000 GeV, the typical elastic recoil energy of an atomic nucleus ranges from 1 to 100 keV (for a large nucleus, the smaller the WIMP mass, the lower the mean recoil energy and vice versa), which is the primary signal in direct detection. WIMPs can in principle scatter off electrons, but the recoil energy would be suppressed further by the electron mass and hence would require a more sensitive detection technology [14] . The nuclear recoil energy can be converted into thermal motion (phonons), ionization, or scintillation photons through the Coulomb field of the charged nucleus [15] . For example, semiconductor detectors can detect the electrons from the ionization of a heavy ion, and when operating at very low temperatures, the same detector can be used as a bolometer to measure the phonons produced by atomic collisions. Experiments that simultaneously detect two types of signals are typically more powerful in differentiating nuclear recoil signals against electron recoil backgrounds from radioactivity. Other features of the signals, such as the timing shape, can sometimes also be used for background discriminations. To compare the results from different experiments, the standard assumption is that WIMPs scatter coherently and elastically off all nucleons in the nucleus, and the interaction has neither nuclear spin nor a proton-neutron dependence. To date, apart from a few controversial claims [16] [17] [18] [19] , no solid WIMP signal has been observed in a direct detection experiment. However, these placed tight constraints on various theoretical models. Figure 1 summarizes the current leading direct detection limits on spin-independent WIMP-nucleon cross-section versus the mass of the WIMPs. Overlaid in the figure are the WIMP search sensitivity limited by the neutrino background [20] , and the representative minimal supersymmetric model contours (2σ) constrained by Run 1 at the Large Hadron Collider [21] . In what follows, we review some of the progress made by a few representative experiments.
Detectors made of noble liquids are spearheading WIMP searches in the ∼100 GeV/c 2 mass range. The so-called dual-phase XENON10 collaboration [22] , have developed into the state-of-the-art detection technology and have been pushing the elastic spin-independent WIMP-nucleon scattering sensitivity in a wide range of WIMP masses above 5 GeV/c 2 (refs [23] [24] [25] [26] ). Natural xenon does not have long-lived radioactive isotopes, except for 136 Xe, whose double-beta decay has a negligible contribution to the current generation of experiments. Liquid-xenon targets allow for a relatively straightforward scaling-up to large monolithic detectors. In a liquidxenon time-projection chamber, with two arrays of photomultiplier tubes located at its top and bottom and with a large electrical field across the liquid-gas interface, the prompt scintillation photons can be detected along with the electroluminescence in the gas, produced by the ionization electrons drifted to and extracted from the liquid surface. This technique provides excellent vertex reconstruction, enabling a powerful target fiducialization and a good discrimination between the nuclear recoil signals and the electron recoil background [27] .
At present, there is a tight ongoing race between a few xenon experiments. LUX [28] , a 250-kg xenon experiment, located in the Sanford Underground Research Facility (SURF) [29] , USA, started taking physics data in 2013, and recently concluded in May 2016. By combining the 95 live days of data taken in 2013 and another 332 live days of data taken from 2014 to 2016, the collaboration reported a minimum of 1.1 × 10 −46 cm 2 upper limit at a WIMP mass of 50 GeV/c 2 on the WIMP-nucleon cross-section [30] . This is the strongest reported limit to date. The best published WIMP search limit is set by the half-ton scale PandaX-II [31] experiment located in the JinPing underground Laboratory (CJPL) [32] in China. This is also the largest running dual-phase xenon detector in the world. The results were obtained with an exposure of 3.3 × 10 4 kg-day, with an unprecedented background level of 2×10 −3 events kg
within the electron equivalent energy region between 1.3 and 8.7 keV. The lowest limit for the cross-section was set at 2.5 × 10 −46 cm 2 at a WIMP mass of 40 GeV/c 2 (ref. [26] ). PandaX-II will continue data taking until 2018. The XENON100 experiment located in the Gran Sasso National Laboratory (LNGS) in Italy recently reported their final WIMP results using a total of 477 live days of data with a limit of 1.1 × 10 −45 cm 2 at 50 GeV/c 2 (ref. [33] ). For these Upper limits on the spin-independent (SI) WIMPnucleon scattering cross-section set by current leading experiments. The limit curves are from PandaX-II [26] , LUX [30] , SuperCDMS (CDMSLite) [48] and CRESST-II [55] . The neutrino coherent scattering background curve data is from ref.
[20] and the post-LHC-Run1 minimal-SUSY model allowed contours are from ref. [21] .
detectors at the hundreds-kilogram level, the background due to uniformly distributed sources such as 85 Kr, 222 Rn and 220 Rn already becomes prominent, and the effective suppression of such a background for the next generation of experiments is under intensive research and development. Looking into the near future, the XENON1T [34] experiment, the successor of XENON100, is commissioning its dual-phase detector with a 2-ton liquid-xenon target. The minimum projected sensitivity on the WIMPnucleon cross-section can reach 2.0 × 10 −47 cm 2 at 50 GeV/c 2 with an exposure of 2.2 ton-year [34] . The upgrade experiment XENONnT, with a 6.5-ton liquidxenon target, is in planning. The successor of LUX, LZ [35] , will contain a 7-ton liquid-xenon target, and is expected to start operation in 2020 to achieve a sensitivity of 3 × 10 −48 cm 2 at 40 GeV/c 2 with 1,000 live days of data. In China, a future 4-ton scale experiment, PandaX-4T, and its follow-up PandaX-30T are planned in the second phase of CJPL. Another future large direct detection project, DARWIN, is aiming at a target mass up to 40-ton [36] .
The XMASS [37] experiment, in the Kamiokamine in Japan, uses an alternative single-phase liquid-xenon detector to search for WIMPs by detecting only the scintillation photons [29] . The detector has an approximately spherical shape with a nearly 4π photodetector coverage. One major challenge for such a detector is to correctly reconstruct event vertices to have an unambiguous fiducial volume selection. After discovering a signif-icant background from the photodetectors, which could 'leak' into the central region due to mis-reconstruction, the photodetector array was replaced and the experiment resumed data taking in 2014 [38] . The next stage for XMASS is XMASS 1.5 (ref. [39] ), a detector with 5 tons of xenon in the full volume. The projected sensitivity will reach 10 −46 cm 2 for 100GeV/c 2 WIMPs.
Argon is another type of noble element widely used in direct detection experiments with a primary focus on the high-mass WIMPs. In comparison to xenon, due to its low cost, even a few hundred-ton future detector is foreseeable. The DarkSide-50 (ref. [40] ) experiment located in LNGS is running a dual-phase argon detector. The first physical result of DarkSide-50 with atmospheric argon was reported in 2015 [41] . It demonstrated excellent pulseshape discrimination of the background electron recoil events. For detectors using natural argon, 39 Ar is an irreducible long-lived cosmogenic background. To tame this background, DarkSide collaboration pioneered the underground argon extraction and showed that the 39 Ar levels can be reduced by a factor of 1.4 × 10 3 (ref. [42] ). At the next stage, DarkSide-20k (ref. [43] ), a detector with 20-ton of argon, is expected to reach a sensitivity of 9 × 10 −48 cm 2 at 1 TeV/c 2 with a 100 ton-year exposure. DEAP-3600 (ref. [44] ) at SNOLAB [29] in Sudbury, Canada is another argon-based experiment with a 1-ton target. It is operating in the single-liquid phase by detecting scintillation photons. Pulseshape discrimination will be used to identify the electron recoil background, which from a smaller prototype detector [45] has been proven to have less than 2.7 × 10 −8 background contamination. Presently, DEAP-3600 is being commissioned [46] . Like DarkSide, DEAP-3600 aims to eventually use underground argon extraction to suppress 39 Ar. The projected sensitivity on the spin-independent WIMP-nucleon scattering cross-section can reach 10 −46 cm 2 for WIMP masses of 100 GeV/c 2 with a 3 ton-year exposure [44] .
An important frontier is the search for lighter WIMPs in the range of a few GeV/c 2 which would produce a lower recoil energy. Aside from the standard background issues common to all direct searches, a key issue in such experiments is the operation of the detectors at a very low threshold, hundreds of eV or lower. The Super-CDMS [47] experiment located in the Soudan [29] mine in Minnesota, USA uses cryogenic semiconductor detectors, armed with the so-called interleaved Z-sensitive ionization phonon (iZIP) technique to detect both the phonon and ionization signals at a low temperature of ∼40-50 mK. The technology provides a factor of greater than 10 6 rejection of the electron recoil background relative to the nuclear recoil background. The collaboration published results in 2014 with 15 iZIP modules, each with a mass of 0.6 kg (ref. [47] ). To reach a lower threshold, one of the iZIP detectors was operated with a relatively high bias voltage (HV) to convert the ionization signal into phonons, which reached an electron recoil threshold of 56 eV. With a 70 kg-day exposure, the experiment set the leading limits published on low-mass WIMPs between 1.6 and 5.5 GeV/c 2 (ref. [48] ). The CDEX [49] experiment located in CJPL used point-contact germanium detectors operating at liquid nitrogen temperature. These detectors have also the advantage of a low threshold and a good rejection power to surface background, and hence are suitable for low-mass WIMP searches. The first stage CDEX-I experiment was completed with a 915-g detector at 475 eV threshold with final exposure of 335.6 kgdays [50] . With no sign of unusual events, the CDEX-I results challenged the WIMP interpretation of the event excess from the CoGENT experiment which pioneered the technology [51] . An improved 1-kg CDEX detector with an even lower threshold is currently taking data.
The DAMIC [52] experiment is another direct dark matter search at SNOLAB. It uses high-resistivity charge-coupled detectors (silicon) to record both the amplitude and position of the ionization signal created by the nuclear recoil. The experiment is particularly sensitive to WIMPs with low mass in the range 1∼20 GeV/c 2 . Results from the 0.6 kg-day exposure data taken in 2016 [53] provided an upper limit for the elastic spinindependent WIMP-nucleon cross-section below 10 −39 cm 2 for WIMPs with masses larger than 3 GeV/c 2 . Another low-mass WIMP search experiment is CRESST [54] , located in LNGS. CRESST uses CaWO 4 crystal modules operated at an extremely low temperature (10 mK) to detect both thermal excitations and scintillations resulting from the nuclear recoils. The CRESST-II experiment, which concluded in 2015, is currently leading the exclusion limit below a mass of 1.5 GeV/c 2 , and has extended below 1 GeV/c 2 for the first time [55] .
Most of the projects discussed above have planned upgrades to improve their sensitivities,. At the next stage SuperCDMS will be moved to SNOLAB, and it is projected to start operation in 2020. With an exposure of 100 kg-year of Ge and 14.4 kg-year of Si with mixed iZIP and HV mode, the SuperCDMS experiment is anticipated to approach the ultimate neutrino background for WIMP masses in the range between 0.5 and 7 GeV/c 2 (ref. [56] ). Also at SNOLAB, the upgraded DAMIC100 experiment with 100 g of target mass is upcoming. In China, the CDEX-10 with a total target mass of 10 kg is being prepared with an improved low-energy threshold. At LNGS, the newly designed CRESST-III experiment started commissioning in June 2016, and a low threshold below 100 eV is expected [57] . In fact, such lower threshold experiments are opening up new opportunities to detect sub-GeV WIMPs via the very low energy electron recoil signals in addition to the nuclear recoil signals. Besides existing technologies, new experimental concepts are being discussed and developed [58] .
Despite the heated competition in searching for signs of spin-independent (scalar) WIMP-nucleon scattering, WIMPs could well carry spin and interact with nucleons through spin-dependent interactions. At SNOLAB, the PICO [59] experiment is looking for spin-dependent WIMPs signals with the bubble chamber technique. In such superheated liquid detectors, only nuclear recoil events with large enough stopping power can produce nucleation to critically sized bubbles, which can then be photographed. Currently, PICO is operating two chambers. One is called PICO-2L with 2.9 kg of C 3 F 8 . Another one, PICO-60 (ref. [60] ), is the largest bubble chamber used in dark matter search to date, and was filled with 36.8 kg of CF 3 I in run 1 and C 3 F 8 in run 2. Due to the odd number of protons in 1 9F and the fact that the last unpaired proton dominates the overall spin of 19 F, PICO has excellent sensitivity to spin-dependent WIMP-proton scattering. In fact, the most recent result of PICO-2L provided the most stringent direct detection constraints on such cross-sections for WIMP masses of less than 50 GeV/c 2 (ref. [61] ). The leading experiments searching for the WIMP-neutron interaction are again using liquid xenon, relying on the fact that two of its natural isotopes, 129 Xe and 131 Xe, carry odd numbers of neutrons. The lowest published cross-section limit is 9.4×10 −41 cm 2 at 33 GeV/c 2 from the LUX collaboration with a total of 1.14 × 10 4 kg-day exposure [62] . More recently, the PandaX-II experiment reported a record limit of 4.1 × 10 −41 cm 2 at 40 GeV/c 2 in a preprint [63] . The current limits set on spin-dependent WIMP-nucleon scattering cross-sections by different experiments are shown in Fig. 2 (proton) and Fig. 3 (neutron) . Upper limits on the spin-dependent (SD) WIMPproton scattering cross-section set by diferent experiments. The limit curves are from LUX [62] , PandaX-II [63] , and PICO [60, 61] .
Finally, to prove the astrophysical nature of the WIMPs requires measurements of the angular correlation between the recoil signals and the galactic rotation. Relevant experimental techniques can also be applied to further reject both electron and nuclear recoil backgrounds, or even break the ultimate neutrino background limit. Active research and development is being pursued globally in the direction of solid and gaseous detectors, to demonstrate their ability to identify recoil tracks and the scalability to a significant target mass [64] .
To summarize, we presented a non-exhaustive survey of the recent progress in direct detection WIMP experiments. Although there has been no solid evidence of a real event yet, the currently operating experiments are expected to enhance their search sensitivity, and may have the opportunity to first detect a real WIMP signal. In the next decade or so, future experiments are planning to push the search sensitivity in spin-independent WIMP-nucleon interaction to the irreducible neutrino background in almost the entire WIMP range. The present status and future reach of this very competitive field is illustrated in Fig. 4 . Should a future observation be made in one experiment, a robust discovery would require confirmation from other experiments, preferably with different experimental techniques and different target materials, as well as cross checks from indirect and collider searches (for example, see SUSY contours from Figs 1 and 4) . This calls strongly for a worldwide multifaceted programme for dark matter detection. Finally, one cannot ignore the importance of those null searches which have been setting tighter constraints to many theoretical models and which may eventually direct us on a completely different path towards understanding this mysterious component of our Universe. The projected sensitivity (dashed curves) on the spinindependent WIMP-nucleon cross-sections of a selected number of upcoming and planned direct detection experiments, including XENON1T [34] , PandaX-4T, XENONnT [34] , LZ [35] , DARWIN [36] or PandaX-30T, and SuperCDMS [56] . Currently leading limits in Fig. 1 (see legend) , the neutrino 'floor' [20] , and the post-LHC-Run1 minimal-SUSY allowed contours [21] 
